Atrial fibrillation (AF) is associated with adverse outcome. Whether recently discovered genetic risk markers improve AF risk prediction is unknown.
Introduction
Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and is associated with enormous societal costs, including an increased risk of stroke, heart failure (HF), and death. 1 -3 The prevalence of AF is increasing even among those individuals thought to be at low risk, such as women or those without cardiovascular disease (CVD) or HF. 4, 5 Treatment of AF remains challenging and associated with risk; therefore, prevention is an important public health objective. Recently, investigators working in the Framingham Heart Study (FHS) and the Atherosclerosis Risk in Communities (ARIC) study derived separate AF risk prediction models among individuals with and without heart disease, but neither study considered routine blood biomarkers or genetic markers for inclusion in those models. 6 -11 These prediction algorithms also require electrocardiograms (ECGs), which may not be readily available among individuals without clinical heart disease. The first aim of this study was to derive and validate an AF risk prediction algorithm that could be employed in our healthy population of 20 822 women without prevalent CVD, HF, or ECGs at baseline. The second aim of the study was to determine whether a genetic risk score (GRS) based on recently published risk alleles 11 could improve AF risk prediction beyond traditional risk factors and biomarkers among this population without established CVD, where genetic factors might contribute a greater proportion of risk.
Methods

Study participants
Study participants were American female health professionals enrolled in the Women's Genome Health Study (WGHS), a subset of the Women's Health Study (WHS), and included 20 822 women of European ancestry for whom genetic information was available and who did not have CVD, HF, or AF at baseline. Details of the design of the WHS and the WGHS are contained in the Supplementary material online.
All participants provided written informed consent, and the study complies with the Declaration of Helsinki and was approved by the institutional review board of the Brigham and Women's Hospital.
Endpoint ascertainment
The methods of AF ascertainment have been reported previously 3 and are described in detail in the Supplementary material online. Briefly, women were asked to report date of any AF diagnosis at enrolment, at 48 months, and then annually thereafter. Those reporting an AF event were asked for permission to obtain medical records, which were then reviewed by a physician endpoint committee to confirm AF. Only confirmed events are included in the present analysis.
Laboratory evaluation and genotyping
Assay characteristics for plasma biomarkers and details of the genotyping and imputation methods are contained in the Supplementary material online.
Derivation and validation of a novel atrial fibrillation prediction algorithm
Of the 20 822 WGHS participants eligible for this study, two-thirds (n ¼ 13 743) were randomly assigned to the model derivation data set, and the remaining one-third (n ¼ 7079) were reserved as an independent validation data set. Variables considered for inclusion in the AF risk prediction algorithm are displayed in Table 1 and include traditional and lifestyle risk factors easily measured in clinical practice as well as available biomarkers. In the model derivation set, participants without complete information on these variables were excluded (n ¼ 682), for a total sample size of 13 061, including 404 validated cases of AF. The best model was fit using Cox proportional hazards models with both forward and backward stepwise procedures for variable selection. Minimization of the Bayes Information Criteria (BIC) 12 was utilized to select covariates for inclusion. Because the BIC imposes a penalty for each additional covariate added to a model, the number of covariates included was also limited. The final WHS AF risk prediction model was then tested for discrimination (Harrell c-index) 13 and calibration (Nam and D'Agostino modification of the Hosmer -Lemeshow goodness-of-fit statistic) 14 in the validation set.
Participants without complete information on the covariates selected for inclusion in the final WHS model were excluded (n ¼ 200) for a total sample size in the validation set of 6879, including 212 cases of AF. In exploratory secondary analyses, the GRSs described below were added to the list of variables considered for inclusion in the derivation cohort.
Genetic risk score
Twelve single-nucleotide polymorphisms (SNPs) in nine loci reported to associate with AF were included in the GRS. 11, 15, 16 Seven of the SNPs (rs13376333, rs2200733, rs10033464, rs3853445, rs3807989, rs7164883, and rs7193343) were directly genotyped, while the rest (rs3903239, rs17570669, rs10821415, rs10824026, and rs1152591) were imputed. In the primary analysis, a weighted GRS was created by summing the product of the natural logarithm of the published risk ratio for each SNP (Supplementary material online, Table S1 ) times the gene dose at that SNP for each participant. Because allele weights were calculated by taking the natural logarithm of published risk ratios, alleles with risk ratios .1 had positive weights, while those with risk ratios ,1 had negative weights. In order to eliminate bias, risk estimates from replication (rather than discovery) cohorts were used wherever possible. As a secondary analysis, an unweighted GRS was constructed to evaluate the sensitivity of our results to these published risk estimates. For this score, the allele associated with increased AF risk at each SNP was identified, and the measured or imputed allele dose at each of the 12 SNPs was then summed for each participant.
Clinical reclassification of atrial fibrillation prediction models
The models developed in the derivation set were used to estimate the 10-year risk of AF in the validation set (n ¼ 6879) and improvement in measures of discrimination and calibration with the addition of clinical and/or genetic covariates were calculated in this cohort. While there is no broad consensus on what risk categories are clinically informative, 10-year clinical risk categories of ,1, 1 to ,5, and 5% and higher were utilized on an a priori basis given the low-risk nature of this healthy population. 6, 17, 18 To test whether the WHS score and/or the addition of genetic information improved clinical risk classification across categories, the net reclassification improvement (NRI) and the reclassification calibration test were calculated. 19 To address potential finer increments in reclassification, the continuous NRI and the integrated discrimination improvement (IDI) were calculated for each base model with and without genetic information. 18 Modifications appropriate for survival data were used. 18, 20 Bootstrap resampling was used to calculate confidence intervals and P-values for each discrimination and reclassification statistic. As a sensitivity analysis, changes in WHS AF risk prediction algorithm performance after the addition of genetic information were calculated in all available women in the WGHS cohort with complete information on all model covariates (n ¼ 20 222). Statistical analyses were performed using SAS version 9.1 (SAS Institute Inc., Cary, NC, USA).
Results
Study characteristics
The derivation and validation cohorts were similar with respect to the baseline characteristics and variables considered for inclusion in the AF risk prediction algorithm ( Table 1) . Established AF risk factors such as age, body mass index, weight, height, hypertension, and alcohol use were similar in the two cohorts. Levels of biomarkers previously associated with AF such as markers of inflammation, haemoglobin A1c, creatinine, and lipids were similar in the two cohorts.
Women's Health Study atrial fibrillation model derivation and validation
In the derivation cohort, 32 potential variables outlined in Table 1 were evaluated for model inclusion. Univariable association between each potential variable and incident AF in the derivation cohort are presented in Supplementary material online, Table S2 . Of these, the inclusion of terms for the natural logarithm of age, weight, height, systolic blood pressure, ≥2 alcoholic drinks per day, and a history of either current or past smoking (ever smokers) resulted in the best fitting prediction model with the smallest BIC (7319.7). Model coefficients from the derivation cohort for these variables are presented in Table 2 . The BIC for a model including the body mass index instead of height and weight was 7347.8, and the BIC for a model including age instead of the natural logarithm of age was 7321.8. Although none of the blood-based biomarkers were included in the final model, high-sensitivity C-reactive protein (hsCRP) would have been the next variable included (P ¼ 0.02), but inclusion resulted in a small increase in the BIC (BIC ¼ 7320.7 with hsCRP). We then tested this AF prediction model in the validation cohort. Using coefficients calculated in the derivation set, the c-index (95% CI) for the WHS predictive model Figure 1 ).
Genetic risk scores and atrial fibrillation risk
The association with incident AF across quintiles of the weighted and unweighted GRS in the entire WHS (n ¼ 20 347) is displayed in Figure 2 . As shown, women in the top quintile of the weighted and unweighted score had a 2.25-fold (95% CI: 1.75-2.90, P-trend , 0.0001) and a 2.85-fold (95% CI: 2.18-3.73, P-trend , 0.0001) increase in the risk of AF, respectively, after adjustment for the WHS prediction model covariates. The per-allele relative risks for each of the individual SNPs included in the GRS are displayed in Supplementary material online, Table S3 . When modelled as continuous variables, both the weighted and the unweighted GRS were significantly associated with incident AF in the validation and entire cohort (each P , 0.0001). When either the weighted or unweighted score was included among the candidate AF risk predictors considered for inclusion in a secondary, exploratory AF risk prediction model, each score was chosen for inclusion.
Clinical reclassification of atrial fibrillation with and without genetic information
When tested in the validation set, the addition of the weighted GRS to a model including age alone improved the C-index (Figure 3) . In a secondary analysis, we observed similar results for the unweighted GRS when it was added to the WHS AF risk prediction algorithm (Supplementary material online, Table S4 and Figure S1 ). Finally, in a sensitivity analysis conducted in the entire WGHS, we observed similar changes in the indices of reclassification after the addition of the GRS to the WHS AF risk prediction algorithm (Supplementary material online, Table S5 and Figures S2 and S3) . Coefficients used to test the models were calculated in the derivation cohort. CI, confidence interval; IDI, integrated discrimination improvement; NRI, net reclassification improvement; WHS, Women's Health Study. a P-value for comparison with the age alone risk prediction algorithm.
b P-value for comparison with the WHS risk prediction algorithm. c All model fit likelihood ratio x 2 statistics were highly significant (P , 0.0001).
d P-value of ,0.01 required to reject the hypothesis that a model was well calibrated.
Discussion
In this prospective cohort of 20 822 women without CVD at baseline, we derived and validated a novel WHS AF risk prediction algorithm, which despite being relatively simple, demonstrated good discrimination, calibration, and improved reclassification into 10-year risk categories when compared with age alone. We then tested whether our ability to predict incident AF was improved by the addition of a weighted or unweighted GRS to the risk prediction algorithm. The addition of either GRS improved the c-index and other continuous measures of risk discrimination, but did not appreciably improve the ability to classify participants into pre-specified 10-year risk categories.
Our AF risk prediction model derived among women without pre-existing CVD shares many AF risk predictors with those derived in the FHS and ARIC populations, which included men and women with and without established CVD. 6, 7 The exceptions included physical exam findings and electrocardiographic variables, which were unavailable in this cohort. Despite the absence of this information, our model performed well and was able to reclassify 22.5% of women in a separate validation cohort. The six variables selected for inclusion in the AF risk prediction model-age, weight, height, systolic blood pressure, alcohol use, and past or current smoking-are readily available in nearly every primary prevention population. In addition, several of these variables are modifiable through lifestyle interventions. Therefore, patients can be counselled regarding lifestyle changes that might lower their 10-year risk of AF. Potential future clinical applications of this simple AF risk prediction algorithm could include identification of populations where targeted screening for asymptomatic AF might be costeffective and/or where interventions designed to lower AF risk might be tested in randomized trials. Given the expanding indications for anticoagulation in lower risk populations 21, 22 and advances in rhythm monitoring devices, 23 targeted screening for asymptomatic AF may have clinical utility in the near future. When compared with the traditional AF risk factors described above, none of the 14 blood biomarkers we considered met our pre-specified criteria for inclusion in the WHS AF risk prediction algorithm, even though several, such as CRP and haemoglobin A1c, have previously been associated with AF in this or other cohorts. 9, 10 While our inclusion of these biomarkers in the model derivation process is a strength of our study, B-type natriuretic peptide levels were not available for analysis. B-type natriuretic peptide levels have been strongly associated with incident AF 24, 25 and improved the measures of discrimination when added to the FHS AF risk algorithm. 8 Whether they would offer similar improvements in risk prediction in our relatively healthy cohort of women is unclear and requires further study. Data are sparse regarding the contribution of genetic data to AF risk prediction. Recently, investigators from the Malmo Diet and Cancer Study did not find an improvement in AF risk prediction, as measured by the C-statistic, when two genetic variants at two loci strongly associated with AF (4q25 and 16q22) were added to traditional risk factors. 26 In contrast, we found that a risk score comprised of 12 variants at nine AF loci improved several measures of AF risk prediction including the c-index, the continuous NRI, and the IDI in our population of women without established CVD. These data suggest that genetic information has the potential to improve the identification of individuals at higher risk for AF among healthy populations and raise the possibility that the inclusion of more genetic risk markers may improve our ability to predict AF in the future. Although the present GRS did not improve our ability to classify women into discrete 10-year AF risk categories, the continued search for additional genetic variants associated with AF may improve discriminatory ability in the future. Also, since there is currently no consensus regarding clinically meaningful AF risk categories, the continuous NRI and IDI may be more appropriate measures of model performance since they are not based upon arbitrary risk categories. 18, 27, 28 Regardless, the data presented here are not yet strong enough to justify widespread genetic screening to assess AF risk. The strengths of our study include the size of the study population, the duration of follow-up, the number of prospectively ascertained and physician-validated AF cases, and the breadth of risk factors and biomarkers considered for inclusion in the model. In addition, we were able to validate both the AF risk prediction model and the contribution of genetic information to risk prediction, in a reserved validation cohort of women. To our knowledge, this has not been done previously with prior AF risk prediction scores.
Our study also has important limitations which merit consideration. The generalizability of our findings may be limited to women with a low prevalence of CVD and HF and to those of European ancestry. As such, the WHS AF risk score may not perform as well in other populations. This is a limitation common to risk scores and was found to be the case when the FHS AF risk score was applied to external populations. 29 Future studies are needed to validate our model in other populations and to determine if our strategy of using the BIC to select a small number of covariates for the model translates to good performance outside of the WHS. Second, we did not collect baseline ECGs, and therefore, we were unable to evaluate whether information on PR interval, left atrial enlargement, and left ventricular hypertrophy, which have been included in other risk prediction algorithms 6, 7 would add to AF risk prediction among women without CVD. Thus, we were unable to compare our model performance to that of the FHS and ARIC scores. We also did not perform screening ECGs during follow-up and some asymptomatic cases of AF may have gone undetected. Third, we did not collect information on the family history of AF at baseline and thus were unable to compare the predictive value of this information to that provided by the GRS. 17 Fourth, as mentioned above, although we were able to test numerous blood biomarkers for inclusion in our model, we were not able to test all blood biomarkers that have been associated with AF in our study population.
In conclusion, in this large-scale, prospective cohort of initially healthy women of European ancestry, we derived and validated a novel, simple AF risk prediction algorithm utilizing six easily measured AF risk factors (age, weight, height, systolic blood pressure, alcohol use, and smoking). Beyond this information, a GRS based on recently published risk alleles showed potential for improving the ability to identify individuals at higher risk for AF; however, we did not find definitive evidence that the currently identified AF risk alleles can be utilized as a clinically meaningful risk Novel genetic markers improve measures stratification tool at present. Discovery of additional genetic variants and/or application to targeted populations may improve the clinical performance of GRSs. At the same time, research directed at developing effective AF screening and prevention strategies will increase the clinical impact of AF risk prediction scores.
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